The signaling adaptor Sequestosome 1 (SQSTM1)/p62 is frequently overexpressed in tumors and plays an important role in the regulation of tumorigenesis. Although great progress has been made, biological roles of p62 and relevant molecular mechanisms remain largely unknown. Here we show that p62 knockdown reduces cell growth and glycolytic genes in a manner depending on HIF1α activity in renal cancer cells.
Introduction
Renal cell carcinoma (RCC) is a common urologic tumor and accounts for about 143,000 deaths in 2012 (Li, H. et al., 2013; Frew and Moch, 2014) . It is the sixteenth most common cause of death from cancer worldwide (Frew and Moch, 2014) .
Approximately 70-80% of adult renal cell carcinomas are classified as clear cell renal cell carcinomas (ccRCCs) (Sato et al., 2013) . Genetically, ccRCC is usually linked to loss of chromosome 3p (harbors VHL, PBRM1, BAP1, and SETD2) (Creighton et al., 2013; Li, L. et al., 2013) . Mutations in the VHL tumor suppressor gene is account for up to 70% of hereditary ccRCCs (Kaelin and Maher, 1998) . In addition to 3p loss, gains of chromosome 5q35.3 have been demonstrated in about 70% of ccRCCs (Beroukhim et al., 2009; Chen et al., 2009; Hagenkord et al., 2011; Shen et al., 2011; Dondeti et al., 2012; Li, L. et al., 2013) . Furthermore, the p62 transcript maps to this region (Li, L. et al., 2013) . p62 is classically known as a scaffold protein that participates in regulation of many cellular processes, for example, cell proliferation and growth, malignant transformation, apoptosis, inflammation, and autophagy (Mathew et al., 2009; Moscat and Diaz-Meco, 2009; Moscat and Diaz-Meco, 2011; Moscat and Diaz-Meco, 2012; Bitto et al., 2014) . The best-known function of p62 is target polyubiquitinated proteins for autophagy-mediated degradation via interacting with ubiquitin and LC3 (Kirkin et al., 2009; Moscat and Diaz-Meco, 2009; Lin et al., 2013) . In addition, p62 regulates NF-kB activation by interacting with aPKC, MEKK3, RIP1 kinase, and TRAF6 (Sanz et al., 1999; Sanz et al., 2000; Wooten et al., 2005; Duran et al., 2008; Nakamura et al., 2010) . p62 also has a central role in the mTORC1 pathway by binding with mTOR, raptor and TRAF6 (Duran et al., 2011; Linares et al., 2013) . Besides, p62 binds to the NRF2-binding domain of Keap1 and competes with NRF2, leading to up-regulation of NRF2 and NRF2 target genes (Komatsu et al., 2010; Ryoo et al., 2015) . Deregulation of NF-kB, mTORC1 and NRF2 signaling pathways are critical factors contributing to the initiation and/or progression of various malignancies. p62 expression is up-regulated in multiple malignancies, including breast tumors, lung adenocarcinomas, lung squamous cell carcinomas, hepatocellular carcinomas, and ccRCCs (Thompson et al., 2003; Moscat and Diaz-Meco, 2009; Inoue et al., 2012; Li, L. et al., 2013; Bao et al., 2014) . Notably, p62 expression correlates with higher tumor grade in ccRCCs (Li, L. et al., 2013) .
However, Wei et al. found that FIP200 deletion results in autophagy inhibition and p62 accumulation, leading to decreased mammary tumorigenesis (Wei et al., 2011) .
Besides, p62 is downregulated in the stroma, but overexpressed in the epithelial compartment of human primary prostate cancer (Valencia et al., 2014) . The downregulation of p62 in stromal fibroblasts resulted in increased tumorigenesis of epithelial prostate cancer cells though mTORC1/c-Myc/IL-6 pathway (Valencia et al., 2014) . Thus, p62 plays both tumor promotion and suppression roles depend on tumor microenvironment.
Metabolic reprogramming is a hallmark of cancer cells. Increasing studies have revealed that p62 plays key roles in regulating energy metabolism. Downregulation of p62 led to decrease ATP and lactate levels by regulating mitochondrial F1 Fo-ATP synthase activity in GBM stem cells (Galavotti et al., 2013) . p62 -/-mice show a significantly reduced metabolic rate indicated by decreased oxygen consumption (Rodriguez et al., 2006; Lee et al., 2010) . In addition, adipocyte-specific p62 -/-mice also exhibit a significantly reduced metabolic rate caused by impaired mitochondrial function (Muller et al., 2013) . Moreover, Valencia et al. found that p62 knockout fibroblasts exhibited decreased glucose uptake and lactate secretion (Valencia et al., 2014) . Because of its complexity, the function and the underlying mechanism of p62 in tumorigenesis and metabolic reprogramming remain to be investigated. Here we address the role of p62 in glucose metabolism and soft agar growth in renal cancer cells. Mechanistically, p62 induces HIF1α signaling though the upregulation of mTORC1 and NF-kB activity, and the downregulation of VHL E3 ubiquitin ligase activity, thus inducing HIF1α activation, glucose uptake and lactate production, and soft agar growth.
Results

p62 knockdown reduces cell growth and glycolytic genes in renal cancer cells
Previous studies have indicated that p62 is highly expressed in clear cell renal cell carcinoma (ccRCC) lines and tumors (Li, L. et al., 2013) . We further investigated a role of p62 in the Warburg effect in ccRCC lines. We first constructed isogenic pairs of ACHN cells differing only in p62 expression levels using stable RNA knockdown (Fig. 1A) . Consistent with previous reports that knockdown of p62 decreased the viability of ccRCC cell lines, the two newly established ACHN cells expressing sh-p62 also grew more slowly than the control ACHN cells (Fig. 1B) . We therefore explored whether p62 regulates the glucose metabolism in ccRCC lines. We found that the p62-knockdown cells significantly reduced the glucose uptake (Fig. 1C and D) and lactate production ( Semenza, 2010; Tello et al., 2011) . We next examined the expression profiles of all these genes using real-time quantitative PCR (qPCR). The mRNA expression levels of all these genes were all decreased in p62-knockdown ACHN cells (Fig. 1G) . These results together suggest that p62 knockdown inhibits glucose metabolism most likely through regulating HIF pathway in renal cancer cells.
p62 is a positive regulator of HIF1α
Because HIF1 and HIF2 are central players in transcriptional activation of genes encoding glucose and energy metabolism (Kim et al., 2006) , we next analyzed whether p62 influenced HIF1α and HIF2α transcription. Here, p62 knockdown decreased the levels HIF1α mRNA without affecting HIF2α mRNA under both normoxic and hypoxic conditions ( Fig. 2A, B) . Thus, we hypothesized that p62 is involved in glucose metabolism may though regulating HIF1α activity; and increased HIF1α activity could, in turn, induce several glycolytic genes transcription. Indeed, the mRNA levels of HIF1α and several HIF1α target genes were all specifically reduced in p62 knock downed cells and restored by rescue of p62 expression under normoxic conditions (Fig. 2C) Luciferase activity analysis of the dual-luciferase reporter revealed that over-expression of p62 resulted in increased the HRE transcription, which was restored (or in fact significantly repressed) by concurrent expression of sh-HIF1α (Fig.   2E ). Efficiency of sh-HIF1α knockdown was also verified using RT-qPCR (Supplementary information, Fig. S1B ). Taken together, these results indicate that p62
can up-regulate HIF1α levels, HIF transcriptional activity and expression of HIF1 target genes.
p62-dependent HIF1α levels is regulated by mTORC1 and NF-kB
Previous studies have indicated that p62 promotes mTORC1 activity to regulate nutrient sensing (Duran et al., 2011) , and mTOR signaling has role in regulates HIF1α protein expression (Thomas et al., 2006) . As expected, stably p62 knockdown (sh-p62) downregulated the phosphorylation of p70S6K (an indicator of mTORC1 activity) (Fig. 3A) . Western blot analysis showed that reintroduction of p62 into the knockdown cells upregulated HIF1α protein levels (Fig. 3B , lane 1 and 3), whereas the promotion effect of HIF1α expression by p62 was remarkably attenuated when
Journal of Cell Science • Advance article treated with the mTORC1 inhibitor rapamycin (Fig. 3B) . Moreover, HRE transcription in the presence and absence of rapamycin indicated that the positive effect of p62 on HIF1α transcriptional activity was remarkably dampened by concomitant rapamycin treatment (Fig. 3C) , suggesting that the effect of p62 on HIF1α levels is mediated, at least in part, through mTORC1.
HIF1α has also been shown to be upregulated upon NF-kB binding, and p62 has been suggested to promote NF-kB activity, we next examined whether the involvement of the NF-kB pathway in p62-dependent HIF1α regulation. Indeed, immunofluorescence and western blot analysis confirmed that p62 knockdown severely impaired nuclear translocation of NF-kB in ACHN cells (Supplementary information, Fig. S2A , B).
Depletion of p65 strongly impaired the p62-induced up-regulation of HIF1α in normoxic ACHN cells (Fig. 3D ). In addition, p62-induced up-regulation of transcriptional activities of HIF1α, measured by HRE-luciferase reporter activity assay, was also significantly reduced by knockdown of p65 (Fig. 3E) . Efficiency of sh-p65 knockdown was verified using Western blotting and RT-qPCR ( Furthermore, the mRNA levels of HIF1α and GLUT1 were all specifically elevated in p62-reintroduced ACHN cells, whereas the promotion effect was severely impaired by the coinstantaneous suppression of p65 (Fig. 3F) . Collectively, these results demonstrate that both mTORC1 and NF-kB signaling contribute to increased HIF1α levels by p62.
p62 interacts with the VHL E3 ubiquitin ligase complex
Previous study have indicated that p62 coimmunoprecipitated several proteins, including CUL2 (Tanji et al., 2012) . Thus, we asked if p62 up-regulation HIF1α protein levels could, in part, be formation complex with the VHL E3 ligase regulating the HIF1α degradation pathway. To confirm p62 interaction with CUL2, we performed a coimmunoprecipitation assay, which showed that Myc-CUL2
co-precipitated efficiently with Flag-p62 in ACHN cells (Fig. 4A, lane 3) .
Furthermore, Coimmunoprecipitation assays of VHL, CUL2, elongin B, elongin C, and HIF1α with HA-p62 in ACHN cells showed that HA-p62 coprecipitated efficiently with VHL, CUL2, elongin B and elongin C, but not with HIF1α (Fig. 4B ).
Bimolecular fluorescence complementation (BiFC) analysis has been widely used for visualization and identification of protein interactions in cells (Shyu et al., 2006; Shyu et al., 2008) . To verify p62 interacts with VHL using BiFC system, p62 and VHL were Interesting, p62∆170-260-EGFP is a mutant that disrupts the interaction with VHL and CUL2, which was shown to form larger aggregates than p62-EGFP. However, Cherry-VHL and Cherry-CUL2 failed to form aggregates in p62∆170-260-EGFP-expressing cells (Fig. 6E, H) . Together, these data demonstrated that the interaction with p62 is needed for the aggregation of VHL and CUL2.
p62 blocks the VHL-mediated ubiquitination of HIFα
To examine the effect of p62 on the stability of HIF1α, we transfected 293T cells with
Flag-Cherry and Flag-HIF1α along with increasing amounts p62-EGFP-Myc. After normalization of Flag-Cherry in cell lysates, we detected the protein levels of Flag-HIF1α increased in p62-transfected cells in a dose-dependent manner (Fig. 7A ).
Moreover, the protein level of coexpressed Flag-HIF1α was not obviously increased in p62∆170-260-transfected cells (Fig. 7B) , suggesting that the VHL and CUL2 binding region of p62 play an important in enhancing the HIF1α protein levels.
Because p62 has an important role in transporting polyubiquitylated proteins to the autophagosomes and proteasome for degradation (Rantanen et al., 2013) , we then examined the mechanism by which the p62 regulates the protein stability of HIFα.
Unlike MG-132, lysosomal autophagy inhibitors chloroquine or bafilomycin A1 were unable to elevate both HIF1α and HIF2α levels (Supplementary information, Fig.   S4A ), indicating that p62 increases HIFα's protein levels mainly by inhibiting ubiquitin-dependent proteolysis of HIFα. Furthermore, overexpression of p62 reduced the rate of HIF1α degradation in p62 knocked down ACHN cells in cycloheximide-treatment experiments (Fig. 7C ). It is known that hydroxylated HIFα is recognized by the β domain of VHL. Thus, we speculate that p62 competes with HIF1α for VHL complex binding. As expected, when HIF1α was transiently over-expressed, it interfered the CUL2-p62 and VHL-p62 interaction in a dose-dependent manner (Fig. 7D) . Furthermore, the interaction between HIF1α and VHL was also decreased in 293T cells overexpressing p62 in both normoxia and hypoxia ( Fig. 7E ), indicating that less HIF1α is recruited to VHL in the presence of p62. Because conjugation of Nedd8 to CUL2 (neddylation) is critical for its activation, and the engagement of the substrate HIF1α to VHL prompts DCNL1 recruitment and then initiates CUL2 neddylation (Heir et al., 2013) , we studied whether p62 regulates CUL2 neddylation. Co-immunoprecipitation assays showed that p62 inhibited the DCNL1-CUL2 interaction in a dose-dependent manner (Fig. 7F) . Furthermore, p62
inhibited the neddylation of CUL2 in a dose-dependent manner (Fig. 7G) and HIF2α high molecular weight species were both increased upon p62 knockdown at normoxia (Fig. 7H) . Together, these results suggest that p62 competes with HIF1α in binding to the VHL E3 ubiquitin ligase complex and inhibits the CUL2 neddylation, thereby inhibiting ubiquitination of HIFα.
Collectively, these experiments establish that p62 promotes the HIF1α levels through both upregulating HIF1α mRNA and inhibiting its protein degradation. To assess the 
HIF1α contributes to the function of p62 in regulating the Warburg effect and soft agar growth
Multiple studies have shown that some of HIF1 target genes regulate processes involved in glucose uptake and glycolysis, and oncogenic transformation (Kaelin, 2008; Semenza, 2010) . One of the most important questions we wanted to investigate is whether or not HIF1α contributes to p62-promoted aerobic glycolysis. To answer this question, we carried out shRNA depletion and over-expression experiments to assess their effect on p62-increased glucose uptake and lactate production. As expected, HIF1α protein levels were reduced in cells stably expressing sh-HIF1α ( Fig. glucose uptake and lactate production (Fig. 8B, C) . However, the presence of sh-HIF1α severely impaired p62-increased glucose uptake and lactate production ( Fig.   8B, C) . Furthermore, we also examined whether HIF1α over-expression affects the inhibitory of the Warburg effect by p62 knockdown (Fig. 8D) . We found that the effect of p62 silencing on glucose uptake (Fig. 8E ) and lactate production (Fig. 8F) was reversed by concomitant HIF1α over-expression. Taken together, these findings implicate that expression of HIF1α is critical for p62-enhanced glucose uptake and lactate production.
It has been reported that p62 promotes soft agar colony formation though regulating mTOR and NF-kB pathway (Duran et al., 2008; Li, L. et al., 2013) . We next sought to determine whether HIF1α mediates p62-induced soft agar growth. We evaluated this possibility by constructing a series of ACHN cell lines by lentiviral transfer of different combinations of sh-p62, sh-HIF1α, Flag-p62, and Flag-HIF1α. As expected, p62 and HIF1α protein levels were reduced in cells stably expressing the knockdown constructs of sh-p62 and sh-HIF1α respectively (Fig. 8G) . The overexpression of Flag-p62 or Flag-HIF1α in cells was also verified using Western blotting (Fig. 8H ).
We found that p62 knockdown decreased soft agar colony formation in ACHN cells (Fig. 8I, b) , consistent with previous report (Li, L. et al., 2013) . Consistently, p62
re-expression in ACHN-p62 shRNA cells restored the ability of colony growth (Fig.   8I, c) . Of interest, ectopic HIF1α expression in ACHN-p62shRNA cells partially restored the ability of colony growth (Fig. 8I, d ). These results suggested that promotion of soft agar growth by p62 involves at least one effector other than HIF1α.
Furthermore, simultaneous knockdown of p62 and HIF1α resulted in an almost complete loss of colony growth in soft agar (Fig. 8I, f) . Moreover, the inhibitory effect of double p62/HIF1α knockdown on soft agar colony formation was largely reversed by concomitant HIF1α over-expression, but not by p62 over-expression (Fig. 8I , e-h), meaning that HIF1α acts downstream to p62. Quantification of colonies derived from the genetically modified ACHN cells as shown in Fig. 8J . Collectively, these data showed that HIF1α expression is important for p62-induced soft agar colony growth.
Discussion
In the present study, we have explored a previously uncharacterized relationship between p62 and HIF1α, and demonstrated that p62 regulate energy metabolism and soft agar colony formation by regulating HIF1α levels in renal cancer cells. Our data showed that p62 positively affects mTORC1 activity and the nuclear translocation of NF-kB (Rius et al., 2008; Duran et al., 2011; Linares et al., 2013) , leading to increased HIF1α levels. Notably here we show that p62 binds to the VHL E3 ligase complex, blocks the E3 ligase activity, and thus increases HIF1α protein stabilization. These evidences strongly suggest that p62 regulates HIF1α's tumorigenic capability.
It is known that HIF1α plays a key role in the metabolism reprogramming of cancer.
High HIF1α expression is associated with patient mortality in cancers of the bladder, brain, breast, colon, cervix, endometrium, head and neck, lung, ovary, pancreas, Importantly, we demonstrated that p62 induces a dramatic enhancement in the stability of both HIF1α and HIF2α protein. A previous study reported that p62 interacts with CUL2, but the molecular mechanism of this interaction is not studied (Tanji et al., 2012) . It is well known that CUL2 neddylation is important for its E3 ligase activity. DCNL1 were found to mediate CUL2 neddylation upon engagement of HIF1α (Heir et al., 2013) . We provide the first evidence that p62 binds to and inhibits the activity of VHL ubiquitin ligase by inhibiting CUL2 neddylation. Furthermore, p62 binds to VHL and competes with HIFα for VHL binding. Therefore, the up-regulation of p62 in some kinds of tumors probably results in HIFα dissociation from the VHL E3 ligase complex and formation a heterodimer with HIF followed by transcriptional activation of HIF target genes. It has been established that p62 interacts with Keap1, a component of Cullin-3 (Cul3) ubiquitin ligase complex, and p62 is also a substrate of CUL3 (Komatsu et al., 2010; Lee et al., 2012) . In addition, p62 competes with NRF2 for Keap1 binding, resulting in stabilization of NRF2 (Komatsu et al., 2010; Inami et al., 2011) . It is interesting to note that p62 can function in both CUL2-and CUL3-type ubiquitin ligase pathways. As NRF2 enhances HIFα stability by promoting mitochondrial O2 consumption (Kim et al., 2011) , it'll be interesting to test whether CUL3/NRF2 also cooperates with p62 in HIFα regulation.
Our study is the first demonstration that the oncogenic properties of p62 are due to its effects on HIF pathway. We demonstrated that p62 as a potent activator of the Warburg effect, promoting the production of lactic acid and the glucose uptake. , 2010) . Also interesting is that p62 can exert a tumor-suppressive functions and has shown to be downregulated in the stroma of several tumors (Valencia et al., 2014) .
These suggest that both p62 and HIF1α exert either pro-or anti-tumorigenic effects in a cell-type and context dependent manner; further investigation is required to assess the effect of p62-ralated diverse cascades, such as p62/mTORC1/c-Myc, p62/NFkB/HIF1α, and p62/VHL/HIF2α/cMyc, on the progression of cancer.
In summary, we have described several pathways linking p62 to HIF1α, which may be potentially involved in many molecular processes. Identification of the relationship among p62, CUL2 and HIF will be undoubtedly helpful for our understanding of molecular mechanisms of tumourigenesis. purchased from Thermo scientific (Rockford, IL, USA). Cy3-labeled goat anti-rabbit or mouse IgG purchased from CWBIO (CWBIO, Peking, China).
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MATERIALS AND METHODS
Antibodies
Plasmid constructs
The full length and deletion mutants of VHL were described earlier (Chen et al., 2015) . Flag-EloB, Flag-EloC, Myc-CUL2, Flag-CUL2, Cherry-CUL2, HA-UB, Flag-HIF1α and EGFP-myc-HIF1α plasmids were from Prof. Rongjia Zhou (Wuhan University, China). Mammalian expression plasmids for human HA-, Flag-or GFP-, mCherry-, Venus-N173-tagged p62 were constructed by standard molecular biology techniques using primers p62-5' and p62-3'. To obtain the p62 fragment consisting of residues 1 to 117, 1 to 266, 260 to 345, and 345 to 440, HA-p62 was PCR amplified using primers p62-5' and p62-N1-3', p62-5' and p62-N2-3', p62-M-5' and p62-M-3', p62-C-5' and p62 -3', respectively. The p62 deletion mutants, Flag-p62∆30-102, Flag-p62∆128-163 and Flag-p62∆170-260, were generated by a two-step PCR-based mutagenesis procedure using HA-p62 as the template. First-step PCR was used to amplify two partially overlapping fragments using primers p62-5' plus p62-dPB1-3'
Journal of Cell Science • Advance article and p62-dPB1-5' plus p62-3', p62-5' plus p62-dZZ1-3' and p62-dZZ1-5' plus p62-3', p62-5' plus p62-dT1-3' and p62-dT-5' plus p62-3'. The fragments were annealed and used as the template for second-step PCR with the primer p62-C-5' and p62 -3' to obtain p62∆30-102, p62∆128-163 and p62∆170-260 mutants, respectively.
p62-EGFP-Myc, p62∆30-102-EGFP-Myc and p62∆170-260-EGFP-Myc recombinants were constructed by subcloning the coding region of p62 full length and mutants into XhoI and BamHI sites of psi-EGFP-myc-N1. p62-VN173 recombinant was constructed by cloning the coding region of p62 into XhoI and BamHI sites of pVN173-N3 (a gift from Dr. xiaodong zhang, wuhan university). VHL-VC155 recombinant was constructed by cloning the coding region of VHL into XhoI and
BamHI sites of pVC155-N3. Human cDNA was PCR amplifid using primers NEDD8-5' and -3', digested by EcoRI, and ligated into psi-HA-C1 to create HA-NEDD8. Human cDNA was PCR amplifid using primers DCNL1-5' and -3', digested by BamHI and XhoI, and ligated into psi-Flag-C1 to create Flag-DCNL1.
Human cDNA was PCR amplifid using primers HIF2A-5' and -3', digested by BamHI and SalI, and ligated into psi-Flag-C1 to create Flag-HIF2. 6xHis-HA-Ub was constructed by subcloning the encoding the region of HA-Ub into the NheI and EcoRI sites of pSicoR-GFP (Addgene). HA-UB was PCR amplified using HIS-5' and UB-3', digested by XbaI and MunI, and ligated into pSicoR-GFP. Lenti-6xHRE-Fluc and Lenti-SV40-Rluc, which contain a lentiviral vector backbone, were constructed by subcloning the 6xHRE-mini promoter and encoding the region of firefly luciferase of pGL4-6xHRE-Luc2 (Qiagen) and SV40 promoter and Renilla luciferase CDS into the XbaI and XhoI sites of psi-Flag-C1, respectively. pGL4-6xHRE-Luc2 and pRL-SV40 (Promega) were PCR amplifid using primers pGL4-5' plus Luc2-3' and SV40-5' plus Rluc-3', respectively. The products were digested with XbaI plus SalI or XhoI and ligated into psi-Flag-C1. PCR conditions and primers for the creation of these constructs are provided in Supplementary Table S1 . All constructs were verified by sequencing.
RNA interference
Oligos coresponding to the target sequences were annealed and cloned into the HpaI and XhoI sites of the pSicoR-Puro plasmid. The following target regions were chosen:
p62-1#, GGGCATCCGCAATGTTGGT; p62-2#, GGACCCATCTGTCTTCAAA;
HIF1α, GTCTGCAACATGGAAGGTA; p65, GTGCCTTAATAGTAGGGTAAG.
PCR conditions and primers for the creation of these constructs are provided in Supplementary Table S1 . All constructs were verified by sequencing. These experiments were performed as described (Chen et al., 2013; Chen et al., 2015) .
Isolation of ubiquitylated proteins using Ni-NTA Superflow Resin
HEK293T cells stably expressing 6xHis-HA-UB were lysed in lysis buffer (10 mM Tris/HCl at pH 8.0, 100 mM NaH2PO4 and 8 M Urea) containing 10 mM imidazole.
After centrifuged, supernatant was incubated with Ni-NTA Superflow Agarose (Pierce Biotechnology, Rockford, IL 61105 USA) for 4 h at RT. The resins were washed four times with lysis buffer containing 20 mM imidazole. After elution by loading buffer (3% SDS, 1.5% mercaptoethanol, 8% glycerol, 0.01% Coomassie Blue G-250, 150
mM Tris-HCl pH 7.0) at 50 • C for 30min, the bound proteins were then subjected to western blot analysis.
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Glucose Uptake and Lactate production
Glucose Uptake was examined using a glucose uptake cell-based assay kit (Item No. 600470, Cayman Chemical, Michigan, USA). ACHN and Caki-1 cells were infected with lentiviral for 72 hours, and then cells were digested and transferred to 96-well balck, clear bottom culture plate with 3x10 4 cells/well in 100 μl culture medium.
Approximately 24 h later, the glucose uptake were measured by the Glucose Uptake
Cell-based Assay Kit system. Lactate production was determined via a glycolysis assay kit (Item No. 601060, Cayman) . ACHN and Caki-1 cells were transferred to a 96-well plate at a density of 3x10 4 cells/well in 200 μl culture medium. The lactate production was determined using the Glycolysis Assay Kit according to manufacturer instructions.
Soft Agar Colony Formation Assay
ACHN cells were infected with lentiviral for 48 hours, then cells were seeded into 0.35% agar Noble (Sigma) in DMEM containing 10% FBS on top of a bed of 0.5% agar in 6-well plate at a density of 2000 cells/well. Agar at 42°C was mixed with medium at 37°C, plated, and left to set for 10 minutes. After 14 days, the number of colonies was scored using an inverted microscope.
Statistical analysis
The data are presented as the mean ± SEM. Differences among groups were determined by a two-way ANOVA followed by a post hoc Tukey test. Comparisons between two groups were performed using an unpaired Student's t test. A value of P <0.05 was considered significant. , sh-p62-2#, or sh-LacZ were grown for 48 h. The cells were then subjected to normoxic or hypoxic conditions for 12 h, and glucose uptake were measured and expressed as a ratio of sh-LacZ levels. **indicates significant differences, P < 0.01. (E, F) Cells were treated as in C, and extracellular lactate in the culture medium was measured and expressed as a ratio of sh-LacZ levels. **P < 0.01. (G) Knockdown of p62 decreases the expression of genes involved in glucose metabolism. Relative expression of genes (HIF1α, ENO1, PKM2, GLUT1, PDK1, LDHA, and NDUFA4L2) in glucose metabolism of ACHN cells expressing sh-p62-1#, sh-p62-2#, or sh-LacZ was measured by qRT-PCR. Expression was normalized to cells expressing sh-LacZ (Ctrl), data are plotted as the mean ± SD of 3 independent experiments. **p < 0.01 vs. Ctrl. for 24 h before cell lysis. Cell lysates were subjected to SDS-PAGE followed by immunoblotting with anti-p62, anti-pS6K, anti-p70S6K and anti-GAPDH antibody. Because HIF1α protein is unstable under normaxia, HIF1α was enriched by immunoprecipitated (IP) with anti-HIF1α (rabbit anti polyclonal antibodies), and then the protein levels of HIF1α were determined by Western blotting. (C) Rapamycin treatment downregulates p62 mediated enhancement of 6xHRE-driven luciferase activity. HRE-reporter ACHN cells were infected with lentivirus expressing sh-p62-1#. After 72-h culture, the cells were transiently transfected with Flag-p62 and treated with or without rapamycin (20 nM) for 24 h followed by measuring the luciferase activities. * Immunoblotting of lysates derived from these engineered cells, using antibodies against p62 and GAPDH (B). (C-H) These engineered cell lines were infected with lentivirus with Cherry-VHL (C-E) or Cherry-CUL2 (F-H), respectively. After transfection for 48 h, the cells were treated with Hoechst 33258 for the nucleus staining and observed by confocal microscope. Arrows indicate colocalization in aggregates. 
